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Cherenkov detectors enable a valuable tool to identify high-energy particles. However, their
sensitivity and momentum coverage are limited by the refractive index of host materials.
Especially, identifying particles with energy above multiple gigaelectronvolts requires host
materials with a near-unity refractive index, which are limited to bulky gas chambers.
Overcoming this fundamental material limit is important for future particle detectors yet
remains a long-standing challenge. Here, we propose a different paradigm for Cherenkov
detectors that utilizes the broadband angular filter made from stacks of variable one-
dimensional photonic crystals. Owing to the Brewster effect, the angular filter is transparent
only to Cherenkov photons from a precise incident angle. Particle identification is achieved by
mapping each Cherenkov angle to the peak-intensity position of transmitted photons in the
detection plane. Such angular filtering effect, although decreases the photon number col-
lected in the detection plane, enables the realization of a non-dispersive pseudo refractive
index over the entire visible spectrum. Moreover, the pseudo refractive index can be flexibly
designed to different values close to unity. Our angular-selective Brewster paradigm offers a
feasible solution to implement compact and highly sensitive Cherenkov detectors especially
in beam lines with a small angular divergence using regular dielectrics.
https://doi.org/10.1038/s41467-021-25822-x OPEN
1 Interdisciplinary Center for Quantum Information, State Key Laboratory of Modern Optical Instrumentation, ZJU-Hangzhou Global Science and Technology
Innovation Center, College of Information Science and Electronic Engineering, Zhejiang University, Hangzhou 310027, China. 2 International Joint Innovation
Center, ZJU-UIUC Institute, Zhejiang University, Haining 314400, China. 3 School of Electrical and Electronic Engineering, Nanyang Technological University,
Nanyang Avenue, Singapore 639798, Singapore. 4 Particle Physics Department, Rutherford-Appleton Laboratory (STFC), Didcot OX110QX, UK. 5 Research
Laboratory of Electronics and Department of Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA. 6 Lightelligence, 268 Summer
Street, Boston, MA 02210, USA. 7Mantaline Corporation, 4754 E High Street, Mantua, OH 44106, USA. 8 European Organization for Nuclear Research
(CERN), Geneva 1211, Switzerland. 9 Cavendish Laboratory, University of Cambridge, Cambridge CB3 0HE, UK. 10 Department of Electrical Engineering,
Technion-Israel Institute of Technology, Haifa 32000, Israel. 11 Division of Physics and Applied Physics, School of Physical and Mathematical Sciences,
Nanyang Technological University, 21 Nanyang Link, Singapore 637371, Singapore. 12 Centre for Disruptive Photonic Technologies, Nanyang Technological
University, Singapore 637371, Singapore. 13These authors contributed equally: Xiao Lin, Hao Hu. ✉email: kaminer@technion.ac.il; blzhang@ntu.edu.sg;
luoyu@ntu.edu.sg









A charged particle traveling in a transparent host mediumemits photons when it travels faster than the phasevelocity of the photons in that medium. This phenom-
enon is known as Cherenkov radiation, which was observed
experimentally by P. A. Cherenkov (under the guidance of S.
Vavilov)1,2 and later interpreted theoretically by I. M. Frank and
I. Tamm3,4. Remarkably, Cherenkov radiation5–8 has enabled the
invention of Cherenkov detectors9–14 for identifying particles
over a large momentum range in high-energy physics and
astrophysics. The Cherenkov detector has played an essential role
in the discovery of many elementary particles, including anti-
protons15, J/ψ particles16,17, neutrino oscillations18, etc.
According to Frank and Tamm’s theory of Cherenkov
radiation19, the particle velocity v can be determined by mea-






where n is the refractive index of the host medium, and c is the
speed of light in a vacuum. Although larger refractive indices give
rise to lower Cherenkov thresholds and higher photon yield, they
are not always desirable in Cherenkov detectors. The reason is
that a large refractive index decreases the sensitivity of the
Cherenkov angle to small changes in the velocity. In general, the
highest detection sensitivity is obtained at θCR→0 or n→c/v




its maximum at θCR→0). In other words, to identify high-energy
particles (i.e., v→c), transparent dielectrics with a near-unity
refractive index are often required. Such a constraint limits the
host materials used in many Cherenkov radiators to a low index.
This is for example the case in ring imaging Cherenkov (RICH)
detectors that use gases for the identification of particles with
momenta larger than 10 GeV/c14,20,21.
Another limitation in state-of-the-art Cherenkov detectors is
related to the photon emission efficiency: the use of low-index
materials inevitably leads to low efficiency, since the photon yield
is proportional to 1 c2n2v2 according to Frank and Tamm’s the-
ory. Especially when operating near-threshold (i.e., v→c/n), the
photon yield approaches zero. Consequently, traditional gas
radiators generally require bulky gas chambers to produce suffi-
cient photons for detection14. Regular dielectrics offer a possible
route to increase the photon emission efficiency, but their large
refractive indices (generally far above unity) cause different types
of high-energy particles to have nearly identical Cherenkov
angles, namely θCR→cos−1 ⁡(1/n), which then makes particle
identification impossible. As an example, quartz has a refractive
index around 1.4, and its corresponding momentum coverage for
the identification of pions and kaons is currently limited to be
below 6 GeV/c22,23. All high-energy particles with momenta
above this value emit light at θCR ∈ [44.30°, 44.42°], independent
of the particle velocity and particle type. Under this scenario,
measuring θCR cannot lead to the identification of the corre-
sponding particle type.
Recently, several theoretical attempts have been made to relax
the material limitations in Cherenkov detectors by using modern
concepts from nanophotonics and metamaterials24,25. One
attempt proposes metal-based anisotropic metamaterials with one
component of the effective refractive index close to unity24.
Another study makes use of all-dielectric one-dimensional (1D)
photonic crystals, where the constructive interference of reso-
nance transition radiation is adopted to control the effective
Cherenkov angle25. These nanophotonic Cherenkov detectors can
achieve an enhanced sensitivity for any desired momentum range,
however only at a specific working frequency. In fact, the working
frequency is the major drawback of all nanophotonics-based
Cherenkov detectors, i.e., they all have a narrow working band-
width, resulting from the inherent chromatic dispersion of the
constitutive materials (e.g., metal) and the resonant nature of
periodic structures (e.g., photonic crystals). There are many more
recent advances and ongoing efforts on the Cherenkov effect in
nanophotonic settings and in emerging material platforms26–37.
Nevertheless, the design of a broadband Cherenkov detector
using regular transparent dielectrics and at the same time with
enhanced performance has remained a long-standing scientific
challenge.
In this work, we propose a different paradigm for Cherenkov
detectors by exploiting a broadband angular filter. This broad-
band angular filter is comprised of stacks of many 1D photonic
crystals of different periodicities but identical constituent mate-
rials [Supplementary Fig. 1a]. As a result, the Brewster effect
makes the angular filter transparent only to p-polarized (i.e.,
transverse magnetic, TM) light incident at the Brewster angle,
while the light with other polarizations or incident at other angles
is totally reflected. Moreover, we can readily tailor the band gaps
of these 1D photonic crystals to cover a broad spectral range, thus
also making the angular selectivity broadband, spanning the
entire visible spectrum38–41. After transmission through the
broadband angular filter, the Cherenkov radiation in the detec-
tion plane features a pseudo Brewster-Cherenkov angle θBCR,
namely the angle between the particle velocity and the tangential
wavevector parallel to the detection plane [Fig. 1]. Remarkably,
we find that the measurement of θBCR can provide an approach
for particle identification at the desired momentum coverage with
wide bandwidth and high sensitivity. This approach thus can
tackle the key drawback listed above for nanophotonic Cherenkov
detectors. Our approach is especially useful for the identification
of a beam of charged particles with different momenta, even when








































Fig. 1 Schematic of the proposed Brewster-Cherenkov detector based on
a broadband angular filter. In our design, the charged particle moves along
a trajectory far away from the surface of the broadband angular filter. The
broadband angular filter [see the structural schematic in the top-left inset]
is designed by exploiting the Brewster effect in many stacks of 1D photonic
crystals with various periodicities but two same constituent materials. After
the angular filtering, the transmitted Cherenkov radiation in the detection
plane has cosθBCR ¼ kz=jkBCRj [bottom-right inset], where kz=ω/v and
kBCR is the tangential wavevector of light parallel to the detection plane. The
measurement of the peak-intensity position |xBCR/y0| of Cherenkov
radiation in the detection plane provides the information of the pseudo
Brewster-Cherenkov angle θBCR and the particle velocity, and it thus can be
exploited for particle identification.
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Results
Brewster effect. We now proceed to analyze the essential role of
the Brewster effect in our proposed particle detectors. As sche-
matically shown in Fig. 1, we consider the charged particle tra-
veling at a constant velocity v in a host material with a relative
permittivity of εh and along a trajectory parallel to the surface of
the broadband angular filter. Without loss of generality, we set the
broadband angular filter composed of two regular transparent
dielectrics with relative permittivities εr1 and εr2 [Supplementary
Fig. 1a]. The detection plane is located at y= y0 beneath the
broadband angular filter, and it is parallel to but far away from
the particle trajectory [Fig. 1]. The Cherenkov radiation trans-
mitting through the broadband angular filter has a tangential
wavevector kBCR ¼ x̂kx þ ẑkz parallel to the detection plane. On
the one hand, kz= ω/v is fixed by the kinematic feature of the
charged particle25,42,43. On the other hand, the magnitude of
kBCR is locked by the intrinsic electromagnetic property of the
broadband angular filter. To be specific, only the p-polarized light
incident at the Brewster angle can transmit through our angular
filter for the entire spectral range of 400 to 700 nm [Supple-
mentary Figs. 1–3], and our particle detector will operate over this
broadband wavelength range.
















We emphasize that the broadband angular filter is treated as a
realistic multilayered structure, instead of an effectively homo-
geneous material, and hence nBCR [see Methods for its
derivations] is completely different from the effective refractive
index obtained using the standard homogenization theory.
Interestingly, nBCR is related to the pseudo Brewster-Cherenkov







Equation (3) generalizes the regular Frank–Tamm formula
(i.e., Eq. 1), providing a general route to engineer the Cherenkov
radiation through the Brewster effect. In what follows, we shall
explore the potential applications of this generalized
Frank–Tamm formula for particle identification. As our approach
exploits the Brewster effect, we refer to the particle detector
depicted in Fig. 1 as the Brewster-Cherenkov (BCR) detector.
Transmitted Cherenkov radiation in the detection plane. To
facilitate the conceptual demonstration, Fig. 2 plots the spatial
distribution of Cherenkov radiation in the detection plane. After
penetrating the broadband angular filter, the transmitted Cher-
enkov photons feature two tails, which are symmetric with
respect to the z-axis [Fig. 2a–d, Supplementary Fig. 4 and Sup-
plementary Movie 1]. The number of Cherenkov photons in the
detection plane of Brewster-Cherenkov detectors per unit length
of the particle path is generally low but can be improved through
the structural optimization of the broadband angular filter.
Comparing the photon numbers to conventional RICH detectors,
we find that both schemes can reach the same order of magnitude
photon numbers [Supplementary Figs. 5–8]. For example, com-
pared with the typical 20 photons per particle in RICH detectors
with the same refractive index, the photon number in our
detection plane can reach to 5 for electrons and pions, 7 for
kaons, and 26 for protons, if all particle momenta are 2 GeV/c
[Supplementary Figs. 5, 6]. The pseudo Brewster-Cherenkov
angle, and hence the particle velocity, can be further determined
with high sensitivity by measuring the peak-intensity position of
Cherenkov radiation in the detection plane [Fig. 2e and Supple-
mentary Fig. 9]. To illustrate the distinct advantages of our
Brewster-Cherenkov detector, we also plot the Cherenkov
radiation in the detection plane without the angular filter
[Fig. 2f–i]. Through the comparison, we find that the pseudo
Brewster-Cherenkov angle θBCR [Fig. 2a–d] is much more sen-
sitive to the variation in particle velocity than the regular Cher-
enkov angle θCR [Fig. 2f–i]. This remarkable property clearly
demonstrates that the broadband angular filter can effectively
improve the sensitivity of Cherenkov detectors.
Pseudo refractive index. We emphasize that such sensitivity
improvement occurs over a broadband frequency range [Supple-
mentary Fig. 10] because the pseudo refractive index nBCR in the
generalized Frank–Tamm formula can be made approximately
nondispersive using regular transparent dielectrics that have a
negligible dispersion in the visible range44. To illustrate this point,
we plot nBCR as a function of the Brewster angle. As shown in Fig. 3,
nBCR can be flexibly designed to values close to unity by a suitable
choice of εr1 and εr2 for the two constituent materials of the
broadband angular filter. For example, according to Eq. 2, εr1= 2.18
(e.g., SiO2) and εr2= 3.07 (Al2O3)44 give rise to a pseudo refractive
index nBCR= 1.13, which is much smaller (and hence more close to
unity) than the lowest refractive index found in natural solid
materials (i.e., 1.37 for MgF2)20,21,44–47. A pseudo refractive index
even closer to unity can be achieved using other material combi-
nations. For example, nBCR= 1.0026, if taking polymers with
εr1= 1.8578 (tetrafluoroethylene-co-hexafluoropropylene-co-vinyli-
dene fluoride (THV, 3M Dyneon 221AZ)) and εr2= 2.1904
(poly(methyl methacrylate), namely PMMA)48–51.
Performance of Brewster-Cherenkov detectors. A key feature of
Brewster-Cherenkov detectors is that the pseudo refractive index
nBCR determines their sensitivity and momentum range. Fig. 4a
shows the relation between the pseudo Brewster-Cherenkov angle
θBCR and particle momenta for four elementary particles, namely
electron, pion, kaon, and proton. In this exemplary case, we take
nBCR= 1.13 and a particle momentum fixed at 2 GeV/c. The
resulting values of θBCR are 27.8° for electron, 27.5° for pion, 24.3°
for kaon, and 12.2° for proton [Fig. 4a]. Such a variation in θBCR
indicates that nBCR= 1.13 is suitable for the identification of
particles (such as pion (or electron), kaon, and proton) with a
momentum less than 10 GeV/c. In comparison, nBCR= 1.0026
gives rise to a Brewster-Cherenkov detector capable of identifying
particles with a momentum larger than 10 GeV/c. More inter-
estingly, when nBCR= 1.000001, the corresponding Brewster-
Cherenkov detector can even identify particles with ultra-high
momenta in the TeV/c range. These results clearly demonstrate
that the proposed Brewster-Cherenkov detectors can achieve high
sensitivity within the desired momentum coverage through a
proper choice of the pseudo refractive index. Covering a range of
higher momenta requires further refinement of the detector
design, for example using a larger number of layers for better
angular resolution.
The pseudo Brewster-Cherenkov angle and the particle velocity
can be determined by directly measuring the peak-intensity
position xBCR of Cherenkov radiation in the detection plane
[Fig. 4b and Supplementary Figs. 11–13]. Mathematically, we
have xBCRy0
  ¼ nBCR sinθBCRffiffiffiffiffiffiffiffiffiffiffiffiffi
εr1n2BCR
p þ4ðy0Þ, where Δ(y0) is the normalized
displacement resulting from the refraction of light through the
broadband angular filter. For simplicity but without loss of
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generality, we choose nBCR= 1.13 and y0= 2.3 mm, and plot in
Fig. 4b the ratio xBCRy0
  as a function of momentum for the four
elementary particles. At the fixed momentum of 2 GeV/c, the
ratio xBCRy0
  gradually varies from 0.49, 0.48, 0.43 to 0.22 for
electrons, pions, kaons, and protons, respectively [e.g., see the
corresponding intensity distributions of Cherenkov radiation in
the detection plane in Fig. 2a–e].
Discussion
As a final remark, we note that our Brewster approach has several
unique advantages over the traditional methods for particle
identification. First, the Brewster approach eliminates the strict
requirement of near-unity-index host materials for the design of
Cherenkov radiators. In other words, distinct from traditional
Cherenkov detectors such as the RICH detector13–16,18, our
Brewster approach does not have any special requirements on the
refractive index of the host material where the particle is traveling,
since the sensitivity of Brewster-Cherenkov detectors is directly
determined by the nBCR of the broadband angular filter. Conse-
quently, high-index transparent solids or gases with low atomic
numbers can now be used as the host material. Such a high-index
host material can significantly enhance the number of photons
penetrating the broadband angular filter and reaching the detec-
tion plane, enabling a higher-efficiency Cherenkov detector.
Another important advantage of our Brewster approach in
comparison with all previous nanophotonic approaches24,25 is
that the broadband angular filter does not need to be placed in the
path of the high-energy particle beam. The charged particles can
travel at a large distance away from the surface of the broadband
angular filter so that all the Cherenkov photons are produced in
the host material in which the particle is traveling. This way, the
generation of secondary particles from the broadband angular
filter can be effectively reduced. Last but not least, the perfor-
mance of the proposed particle detector is robust to fabrication
Fig. 2 Cherenkov radiation in the detection plane of Brewster-Cherenkov detectors. Here we plot the intensity distribution of Cherenkov radiation for
four elementary charged particles with a fixed momentum, when these charged particles arrive at z= 0. a–e The Brewster-Cherenkov detector has the
broadband angular filter [Fig. 1]. f–i For comparison, the angular filter is removed. The Cherenkov radiation in (a–d) is related to the pseudo Brewster-
Cherenkov angle θBCR, whose value can be obtained through the measurement of the peak-intensity position in (e), while the asymptotic line of Cherenkov
radiation in (f–i) is related to the regular Cherenkov angle θCR. Our proposed approach has no critical requirement on the permittivity of the host material in
which the charged particle is traveling (e.g., εh= εr1 used in the calculation). Here and below, the considered wavelength varies from 400 to 700 nm. In
addition, y0= 2.3 mm, εr1= 2.18, and nBCR= 1.13.
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imperfections and geometric fluctuations of the broadband
angular filter (see analysis in refs. 38–41). Therefore, this Brewster
approach provides promising options to facilitate the design of
advanced Cherenkov detectors with enhanced sensitivity, large
bandwidth, miniaturized size, ultralightweight, and wide
momentum coverage, all using readily available regular dielec-
trics. These enhanced capabilities are especially attractive in the
identification of high-energy particles in beamlines with a small
angular divergence. As illustrated in Supplementary Fig. 13, when
the particle trajectory deviates from −0.5° to 0.5° with respect to
the direction parallel to the top surface of the angular filter, the
performance of Brewster-Cherenkov detectors remains almost
unchanged.
Methods
Calculation of light emission from a charged particle moving parallel to the
surface of the broadband angular filter. The basic structural setup is shown in
Fig. 1. All the fields of emitted light are calculated in the framework of electro-
magnetic wave theory by applying the method of plane wave expansion. We let the
z-axis parallel to the moving direction of a charged particle in Fig. 1; as such, the
induced current density is J r; tð Þ ¼ ẑqvδ xð Þδ y δðz  vtÞ. The field distribution in
each region is obtained through matching the boundary conditions or by using the
transfer matrix method. The detailed procedure of calculation is shown in Sup-
plementary Note 1 of the supporting information.
Derivation of the pseudo refractive index in Eq. 2 of the main text. For con-
ceptual demonstration, here we set region 1 having the relative permittivity of εr1 and
region 2 having the relative permittivity of εr2. By enforcing the electromagnetic
boundary condition at the interface between regions 1 and 2, we can readily obtain the
Brewster angle θBrewster, at which the reflection for p-polarized waves is zero19. That is,





20. At this Brewster angle, the wavevector component of













. In other words, we













. Since we denote kBCR ¼ nBCR ωc , we directly





. Due to the momentum matching
at each interface, the value of kBCR is the same for different regions in the broadband
angular filter, when the light transmits through the angular filter. In addition, we
highlight that all the calculations in this work treat the broadband angular filter as a
realistic layered structure, instead of an effectively homogenized material by using the
effective medium theory. These discussions are shown in Supplementary Note 2 of the
supporting information.
Design of the broadband angular filter. The broadband angular filter [Supple-
mentary Fig. 1a] is comprised of many stacks (i.e., M stacks) of 1D photonic
crystals. All 1D photonic crystals are made of two regular transparent dielectrics,
which have a relative permittivity of εr1 and εr2, respectively. The ith 1D photonic
crystal has a pitch of Pi= di1+ di2, where di1 and di2 are the thickness of two
dielectric slabs in each pitch. All these 1D photonic crystals have a pitch number of
N and a thickness ratio of di1/di2= 3/2. This way, the band gap of each 1D
Fig. 3 Engineering the pseudo refractive index nBCR for Brewster-
Cerenkov detectors, achieving parameter regimes that do not exist in
natural materials. For the transmitted Cherenkov radiation in the detection
plane, its wavevector component parallel to the detection plane has





. Here we plot nBCR as a function of






Fig. 4 Performance of Brewster-Cherenkov detectors in the identification of high-energy particles. a Pseudo Brewster-Cherenkov angle θBCR versus
particle momentum. This figure is plotted according to the generalized Frank–Tamm formula cosθBCR ¼ cnBCRv, by transforming the particle velocity to the
momentum. The values of pseudo Brewster-Cherenkov angles for four elementary particles, namely electron (red), pion (blue), kaon (yellow), and proton
(green), with a momentum of 2, 15, or 700 GeV/c are given in the plot. b Normalized peak-intensity position |xBCR/y0| of the transmitted Cherenkov
radiation in the detection plane versus particle momentum. The measurement of |xBCR/y0| provides the information of θBCR and further the particle velocity.
In (b), y0= 2.3 mm and nBCR= 1.13.
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photonic crystal can be flexibly tunable by changing Pi. The light transmission
through the broadband angular filter is both angle-dependent and polarization-
dependent. For the p-polarized light with arbitrary incident angle (except the one
equal to the Brewster angle), the light is almost fully reflected by judiciously
overlapping the band gaps of these 1D photonic crystals [Supplementary Figs. 1, 2].
For the p-polarized light incident at the Brewster angle, it can safely pass through
the broadband angular filter with no reflection [Supplementary Figs. 1, 2]. For the
s-polarized light, the transmission through the designed broadband angular filter is
negligible for arbitrary incident angle [Supplementary Fig. 3]. The detailed design
strategy is shown in Supplementary Notes 2–4 of the supporting information.
Cherenkov radiation in the detection plane. For Cherenkov radiation passing
through the broadband angular filter, while the direction of their in-plane wave-
vector kBCR ¼ x̂kx þ ẑkz has a pseudo Brewster-Cherenkov angle with respect to
the particle trajectory [Supplementary Fig. 4], their motion in the detection plane is
parallel to the particle trajectory (i.e., along the z axis); see the discussion of
Cherenkov radiation in the detection plane in Supplementary Note 5 of the sup-
porting information and their dynamics in the detection plane in Supplementary
Movie 1. Moreover, the number of Cherenkov photons in the detection plane
[Supplementary Figs. 5, 6] and the corresponding width of their intensity dis-
tribution [Supplementary Figs. 7, 8] are two key parameters for Cherenkov
detectors. The dependences of these two parameters on the geometric property of
the broadband angular filter are also discussed in Supplementary Note 5.
Peak-intensity position of Cherenkov radiation in the detection plane at




analytically calculated according to the ray-tracing theory. Here,
4 y0




















is the normalized displacement induced by
the refraction of light through the broadband angular filter, where yb is the total
thickness of dielectric regions with εr2 in the designed broadband angular filter.
Since 4 y0
  / yby0, we have Δ(y0) → 0 if yb ≪ y0. In other words, if the detection
plane is far away from the particle trajectory and if their distance is much larger
than the finite thickness of the broadband angular filter, we have xBCRy0
  ¼ nBCR sinθBCRffiffiffiffiffiffiffiffiffiffiffiffiffi
εr1n2BCR
p .
The detailed discussion of xBCRy0
  for a fixed broadband angular filter under different
values of y0 is shown in Supplementary Note 6 and Supplementary Figs. 9–12 in the
supporting information.
Robustness of the performance of Brewster-Cherenkov detectors to particle’s
trajectory. The Brewster-Cherenkov detector has the potential to infer the pro-
jection of particle trajectory in the xz plane (or the detection plane at y= y0). This
is because the intensity distribution of the transmitted Cherenkov radiation in the
detection plane is symmetric with respect to the projection of the particle trajectory
in the xz plane [Fig. 2a–e]. Due to this unique feature, the sensitivity of Brewster-
Cherenkov detectors is in principle insensitive to the direction of particle velocity,
if the particle velocity is parallel to the surface of the broadband angular filter. On
the other hand, for the Brewster-Cherenkov detector, we can always set the particle
trajectory very far away from the top surface of the broadband angular filter. Then
if the particle velocity is unparallel to the surface of the broadband angular filter
and tilted by a small angle α (e.g., |α|≤0.5° [Supplementary Fig. 13]) (but the
particle would not penetrate through the filter), the performance of Brewster-
Cherenkov detectors would not be degraded, since the feature of the transmitted
Cherenkov radiation in the detection plane is mostly preserved.
Influence of the finite thickness of the broadband angular filter on the per-
formance of Brewster-Cherenkov detectors. More discussions on the perfor-
mance of Brewster-Cherenkov detectors are provided in Supplementary Note 7 and
Supplementary Figs. 14–16 of the supporting information. When the stack number
M of 1D photonic crystals and the periodicity number N of each 1D photonic
crystal are finite, the p-polarized light incident at the angles very close to the
Brewster angle can also safely pass through the broadband angular filter. This way,
there is a small angular (and thus spatial) spread of the transmitted Cherenkov
radiation in the detection plane, such as those shown in Supplementary Fig. 1b–e.
This phenomenon would degrade the sensitivity of Brewster-Cherenkov detectors.
However, the sensitivity of the Brewster-Cherenkov detector can still be guaranteed
by effectively avoiding this phenomenon, through increasing both the values of M
and N in the practical implementation [Supplementary Fig. 15].
Data availability
All relevant data are available from the authors upon reasonable request.
Received: 19 January 2021; Accepted: 27 August 2021;
References
1. Cherenkov, P. A. Visible emission of clean liquids by action of gamma
radiation. Dokl. Akad. Nauk SSSR 2, 451–454 (1934).
2. Cherenkov, P. Radiation from high-speed particles. Science 131, 136–142
(1960).
3. Frank, I. M. & Tamm, I. Coherent visible radiation of fast electrons passing
through matter. Dokl. Akad. Nauk SSSR 14, 109–114 (1937).
4. Frank, I. M. Optics of light sources moving in refractive media. Science 131,
702–712 (1960).
5. Adamo, G. et al. Light well: a tunable free-electron light source on a chip. Phys.
Rev., Lett. 103, 113901 (2009).
6. de Abajo, F. J. G. Optical excitations in electron microscopy. Rev. Mod. Phys.
82, 209–275 (2010).
7. Liu, S. et al. Surface polariton Cherenkov light radiation source. Phys. Rev.
Lett. 109, 153902 (2012).
8. Liu, F. et al. Integrated Cherenkov radiation emitter eliminating the electron
velocity threshold. Nat. Photon. 11, 289–292 (2017).
9. Galbraith, W. & Jelley, J. V. Light pulses from the night sky associated with
cosmic rays. Nature 171, 349–350 (1953).
10. Ypsilantis, T. & Seguinot, J. Theory of ring imaging Cherenkov counters. Nucl.
Instrum. Meth. A 343, 30–51 (1994).
11. Nappi, E. Aerogel and its applications to RICH detectors. Nucl. Phys. B (Proc.
Suppl.) 6, 270–276 (1998).
12. Abashian, A. et al. The Belle detector. Nucl. Instrum. Meth. A 478, 117–232
(2002).
13. Alves, A. A. Jr. et al. (LHCb Collaboration). The LHCb detector at the LHC.
JINST 3, S08005 (2008).
14. Adinolfi, M. et al. (LHCb RICH collaboration). Performance of the LHCb
RICH at the LHC. Eur. Phys. J. C. 73, 2431 (2013).
15. Chamberlain, O., Segrè, E., Wiegand, C. & Ypsilantis, T. Observation of
antiprotons. Phys. Rev. 100, 947–950 (1955).
16. Aubert, J. J. et al. Experimental observation of a heavy particle J. Phys. Rev.
Lett. 33, 1404–1406 (1974).
17. Augustin, J.-E. et al. Discovery of a narrow resonance in e+e- annihilation.
Phys. Rev. Lett. 33, 1406 (1974).
18. IceCube Collaboration. Evidence for high-energy extraterrestrial neutrinos at
the IceCube detector. Science 342, 1242856 (2013).
19. Kong, J. A. Electromagnetic Wave Theory (EMW Publishing, 2008).
20. Kistler, S. S. Coherent expanded aerogels and jellies. Nature 127, 741 (1931).
21. Pierre, A. C. & Pajonk, G. M. Chemistry of aerogels and their applications.
Chem. Rev. 102, 4243–4265 (2002).
22. Adam, I. et al. The DIRC particle identification system for the BaBar
experiment. Nucl. Instrum. Meth. A 538, 281–357 (2005).
23. Kalicy, G. et al. (EIC PID Collaboration). Developing high-performance DIRC
detector for the future Electron Ion Collider experiment. JINST 15, C11006
(2020).
24. Ginis, V., Danckaert, J., Veretennicoff, I. & Tassin, P. Controlling Cherenkov
radiation with transformation-optical metamaterials. Phys. Rev. Lett. 113,
167402 (2014).
25. Lin, X. et al. Controlling Cherenkov angles with resonance transition
radiation. Nat. Phys. 14, 816–821 (2018).
26. Luo, C., Ibanescu, M., Johnson, S. G. & Joannopoulos, J. D. Cerenkov
radiation in photonic crystals. Science 299, 368–371 (2003).
27. Xi, S. et al. Experimental verification of reversed Cherenkov radiation in left-
handed metamaterials. Phys. Rev. Lett. 103, 194801 (2009).
28. Hu, H. et al. Surface Dyakonov-Cherenkov radiation. Preprint at
arXiv:2012.09533 (2020).
29. Ren, H., Deng, X., Zheng, Y., An, N. & Chen, X. Nonlinear Cherenkov
radiation in an anomalous dispersive medium. Phys. Rev. Lett. 108, 223901
(2012).
30. Genevet, P. et al. Controlled steering of Cherenkov surface plasmon wakes
with a one-dimensional metamaterials. Nat. Nanotech. 10, 804–809 (2015).
31. Kaminer, I. et al. Quantum Čerenkov radiation: spectral cutoffs and the role of
spin and orbital angular momentum. Phys. Rev. X 6, 011006 (2016).
32. Hummelt, J. S. et al. Coherent Cherenkov-cyclotron radiation excited by an
electron beam in a metamaterial waveguide. Phys. Rev. Lett. 117, 237701
(2016).
33. Duan, Z. et al. Observation of the reversed Cherenkov radiation. Nat.
Commun. 8, 14901 (2017).
34. Roques-Carmes, C., Rivera, N., Joannopoulos, J. D., Soljačić, M. & Kaminer, I.
Nonperturbative quantum electrodynamics in the Cherenkov effect. Phys. Rev.
X 8, 041013 (2018).
35. Yang, Y. et al. Maximal spontaneous photon emission and energy loss from
free electrons. Nat. Phys. 14, 894–899 (2018).
36. Shi, X. et al. Superlight inverse Doppler effect. Nat. Phys. 14, 1001–1005
(2018).
37. Hu, H. et al. Nonlocality induced Cherenkov threshold. Laser Photonics Rev.
14, 202000149 (2020).
ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-25822-x
6 NATURE COMMUNICATIONS |         (2021) 12:5554 | https://doi.org/10.1038/s41467-021-25822-x | www.nature.com/naturecommunications
38. Shen, Y. et al. Optical broadband angular selectivity. Science 343, 1499–1501
(2014).
39. Shen, Y., Celanovic, I., Soljacic, M. & Joannopoulos, J. Metamaterial
broadband angular selectivity. Phys. Rev. B 90, 125422 (2014).
40. Shen, Y., Hsu, C. W., Yeng, Y. X., Joannopoulos, J. D. & Soljačić, M.
Broadband angular selectivity of light at the nanoscale: progress, applications,
and outlook. Appl. Phys. Rev. 3, 011103 (2016).
41. Qu, Y. et al. Polarization-independent optical broadband angular selectivity.
ACS Photon. 5, 4125–4131 (2018).
42. Lin, X. et al. Splashing transients of 2D plasmons launched by swift electrons.
Sci. Adv. 3, e1601192 (2017).
43. Chen, J., Chen, H. & Lin, X. Photonic and plasmonic transition radiation from
graphene. J. Opt. 23, 034001 (2021).
44. Palik, E. D. Handbook of Optical Constants of Solids (Academic, 1985).
45. Walheim, S., Schäffer, E., Mlynek, J. & Steiner, U. Nanophase-separated
polymer films as high-performance antireflection coatings. Science 283,
520–522 (1999).
46. Xi, J. Q. et al. Optical thin-film materials with low refractive index for
broadband elimination of Fresnel reflection. Nat. Photon. 1, 176–179 (2007).
47. Zhang, X. A. et al. Ordered 3D thin-shell nanolattice materials with near-unity
refractive indices. Adv. Funct. Mater. 25, 6644–6649 (2015).
48. Gao, Y. et al. Consecutive solvent evaporation and co-rolling techniques for
polymer multilayer hollow fiber preform fabrication. J. Mater. Res. 21,
2246–2254 (2006).
49. Yin, K. et al. Evaluation of high temperature polymers in nanolayered films
and gradient refractive index (GRIN) lenses. J. Appl. Polym. Sci. 132, 42741
(2015).
50. Gao, L., Lemarchand, F. & Lequime, M. Refractive index determination of
SiO2 layer in the UV/Vis/NIR range: spectrophotometric reverse engineering
on single and bi-layer designs. J. Eur. Opt. Soc. Rap. Public. 8, 13010 (2013).
51. Querry, M. R. Optical constants. Contractor Report CRDC-CR-85034
(Missouri Univ., 1985)
Acknowledgements
The work was sponsored by the National Natural Science Foundation of China (NNSFC)
under Grants No. 61625502, No. 11961141010, No. 62175212, and No. 61975176, the
Top-Notch Young Talents Program of China, Zhejiang University Global Partnership
Fund, and the Fundamental Research Funds for the Central Universities (2021FZZX001-
19). Y.L. was sponsored in part by the Singapore Ministry of Education (No. MOE2018-
T2-2-189 (S)), A*Star AME IRG grant (No. A20E5c0095), and Programmatic Funds (No.
A18A7b0058), National Research Foundation Singapore Competitive Research Program
(No. NRF-CRP22-2019-0006 and NRF-CRP23-2019-0007). B.Z. was sponsored in part by
Singapore Ministry of Education (No. MOE2018-T2-1-022 (S), MOE2016-T3-1-006, and
MOE2019-T2-2-085). I.K. was sponsored in part by the Azrieli Faculty Fellowship, the
Israel Science Foundation (Grant No. 831/19), and the European Research Council
(Starter Grant no. 851780). This material is based upon work supported in part by the US
Army Research Office through the Institute for Soldier Nanotechnologies, under Contract
No. W911NF-18-2-0048, and by the Binational USA-Israel Science Foundation (BSF)
2018288.
Author contributions
All authors contributed extensively to this work. X.L. initiated the idea. H.H. and X.L.
performed the calculation. S.E., Y.Y., Y.S., K.Y., M.P.B., H.C., I.K., B.Z., J.J., M.S. and Y.L.
analyzed data and interpreted detailed results. X.L., H.H., Y.L., S.E., I.K. and B.Z. wrote
the manuscript with input from the others. Y.L., I.K., S.E., B.Z., H.C., J.J. and M.S.
supervised the project.
Competing interests
The authors declare no competing interests.
Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-25822-x.
Correspondence and requests for materials should be addressed to Ido Kaminer, Baile
Zhang or Yu Luo.
Peer review information Nature Communications thanks Jochen Schwiening, Xianfeng
Chen, and the other, anonymous, reviewer(s) for their contribution to the peer review of
this work.
Reprints and permission information is available at http://www.nature.com/reprints
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2021
NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-25822-x ARTICLE
NATURE COMMUNICATIONS |         (2021) 12:5554 | https://doi.org/10.1038/s41467-021-25822-x | www.nature.com/naturecommunications 7
